Stem cells derived from adult tissues or from the inner cell mass of blastocyst-stage embryos can self-renew in culture and have the remarkable potential to undergo lineage-specific differentiation. Extensive studies have been devoted to achieving a better understanding of the soluble factors and the mechanism(s) by which they regulate the fate decisions of these cells, but it is only recently that a critical role has been revealed for physical and mechanical factors in controlling selfrenewal and lineage specification. This review summarizes selected aspects of current work on stem cell mechanics with an emphasis on the influence of matrix stiffness, surface topography, cell shape and mechanical forces on the fate determination of mesenchymal stem cells and embryonic stem cells. Keywords cell mechanics; embryonic stem cells; mechanical factors; mechanical forces; mesenchymal stem cells; stem cell fate Stem cells have remarkable potential to develop into many different cell types during early life and growth. They are unspecialized cells capable of renewing themselves through cell division, sometimes after long periods of inactivity. In addition, under certain physiological or experimental conditions, they can be induced to become tissue-or organ-specific cells with special functions and thus offer a source of precursor cells to treat degenerative, malignant and genetic diseases, as well as injury caused by inflammation, infection and trauma.
blood, blood vessels, skeletal muscle and skin, are thought to be limited to differentiating into different cell types of their specific tissue of origin. However, in culture some adult stem cells produce more than the cell lineages characteristic of tissues in which they reside. For instance, cultured mesenchymal stem cells (MSCs) isolated from the bone marrow of mammalian species have been demonstrated to be pluripotent, as they are capable of differentiating not only to bone, adipose and cartilage tissue [3] , but also to cells with visceral mesoderm, neuroectoderm and endoderm characteristics and their derivatives [3] [4] [5] [6] [7] [8] . Thus, ESCs and MSCs are invaluable tools for biomedical research, drug discovery and cellbased therapies.
Recent research has demonstrated that the mechanical properties of the extra cellular environ ment and application of forces to cells trigger cellular responses essential for many aspects of cell structures and functions [8] [9] [10] [11] [12] [13] [14] [15] [16] . In addition to studies on cultured cells, accumulating evidence has demonstrated that mechanical forces play a critical role in regulating tissue organization and architecture in vivo [17] [18] [19] [20] [21] . While extensive efforts are devoted to the understanding of how soluble factors such as growth factors and cytokines trigger and transduce signals within stem cells, recent studies are beginning to reveal some fascinating details of the mechanical factors that influence the fate determination of these cells. In this review, we will summarize recent advances in the study of matrix stiffness, surface topography, cell shape and mechanical forces, primarily in ESCs and MSCs. Experiments and a future perspective that may further delineate the role of mechanical factors and address the molecular mechanisms of mechanotransduction will also be discussed.
Cellular microenvironment & mechanical stimuli therein
Fate decisions of cells, including stem cells, are influenced by the microenvironment in which they reside. Coordinated interactions with soluble factors, the extracellular matrix (ECM) and neighboring cells provide biochemical and mechanical signals that enable the cells to proliferate, survive, migrate or differentiate. Surface adhesion receptors, such as integrins and cadherins, mediate cell adhesion to the ECM scaffold and to the neighboring cells, respectively (FIGURE 1).
As a key component of the extracellular environment, soluble factors have been extensively studied in pluripotent stem cells. For example, basic FGF is essential for undifferentiated growth of human ESCs (hESCs) [22] . The TGF-β superfamily, comprising TGF-β, Activin, Nodal and bone morphogenesis proteins (BMPs), has diverse roles in hESCs [23, 24] . TGF-β/Activin/Nodal was shown to co-operate with FGF signaling to maintain pluripotency of hESCs by controlling the expression of the pluripotency factor NANOG. Activation of BMP signaling in hESCs induces mesoderm and trophoectoderm activities depending on the duration of activation [25] [26] [27] , while activation of the Activin/Nodal pathway can trigger endoderm differentiation [28] . Conversely, inhibition of Activin/Nodal and BMP signaling, alone or in combination, promotes neuroectoderm specification [29] [30] [31] [32] . Leukemia inhibitory factor (LIF), can substitute for feeder cells to maintain pluri potency in mouse ESCs (mESCs), but not in hESCs [33] . Furthermore, in contrast to hESCs, activation of the BMP signaling pathway supports self-renewal in combination with LIF in mESCs [34] . Distinction between mESCs and hESCs may be attributed to differences in species divergence and/or temporal origins during development [35] . TGF-b has been identified in global gene expression analyses of MSCs as one of three key growth factor pathways not only sufficient for MSC growth but also influential in differentiation into chondrocytes, osteocytes and adipocytes [36, 37] .
Mechanical stimuli are increasingly recognized as key regulators of cell structure and function, in addition to soluble factors. The ability of cells to sense forces, transmit them to the interior of the cell interior or to other cells, and transduce them into biochemical signals is essential for a spectrum of cellular responses, including motility of cells, differentiation and regulation of cell proliferation [10, 11, 15, 16, 38, 39] . Within the cellular microenvironment, passive ECM properties including stiffness, topography and composition can regulate cell behaviors (FIGURE 1). Furthermore, as cells respond to cues from the microenvironmental cues, they can adopt different shapes, generate traction stress and produce mechanical forces that can be transmitted to neighboring cells. Application of a mechanical stimulus, such as fluid shear stress, to the cell surface activates mechano sensitive ion channels, heterotrimeric G proteins, protein kinases and other membraneassociated signal-transduction molecules; these trigger downstream signaling cascades that lead to force-dependent changes in gene expression [40] . These responses are usually mediated by the distortion of specific adhesion receptors that link to the cytoskeleton, rather than by deformation of the lipid bilayer alone [15] .
Mechanical & physical factors determine the fate of MSCs Substrate stiffness directs MSC fate specification
The importance of sensing the elastic properties of the ECM had been documented in studies with fibroblasts and other cells [14, 41] . Engler et al. made the first attempt to evaluate the role of matrix stiffness in modulating the fate of human MSCs (hMSCs) [8] , by applying an approach previously developed [42] . They generated polyacrylamide gels coated with collagen as an artificial matrix for cell attachment in vitro. The elastic properties of the matrix ranged from soft to relatively rigid, depending on the extent of chemical crosslinking. The effects of various elasticities on hMSCs were tested while the culture medium was kept the same. They found that the cell fate was dictated by the matrix stiffness: when cells were plated on soft substrates that mimicked the elasticity of brain tissue (0.1-1 kPa), they exhibited a neuronal phenotype. In addition, matrices with intermediate stiffness mimic muscle (8-17 kPa) were myogenic, while comparatively rigid matrices that mimic collagenous bone (25-40 kPa) proved to be osteogenic. Microarray analysis showed that the expression of markers for neurons, muscle, or bone was induced four to sixfold on the corresponding substrate. Immunofluorescence analysis showed that these three particular lineage-specific markers were present at 50% of the levels found in corresponding differentiated cultured cell lines. Therefore, although matrix elasticity is insufficient to induce terminal differentiation, it is very effective in guiding MSCs to develop into an early developmental lineage.
With respect to mechanisms, Engler et al. showed that inhibition of non-muscle myosin (NMM)II blocked all elasticity-directed lineage specification, without strongly perturbing many other aspects of cell function, implying distinct mechanisms whereby matrix stiffness governs directed differentiation [8] . This notion was supported by the observation that regulation by matrix stiffness was complementary to, and even synergistic with, the regulatory effects of specialized soluble factors previously shown to induce directed MSC lineage specification. Zemel et al. recently demonstrated that the alignment of NMMIIbased stress fibers in MSCs depended non-monotonically on the matrix rigidity, achieving a maximum value when the cell and matrix rigidity were similar, suggesting mechanical coupling between external environment and internal cyto skeletal organization [43] . The detailed signaling mechanisms by which microenvironmental stiffness controls lineage specification remain to be defined.
The influence of ECM rigidity on MSC lineage commitment was also assessed in more physiologically relevant 3D culture systems. Huebsch et al. encapsulated mouse MSCs into a 3D hydrogel synthetic ECM formed by alginate polymers that present integrin-binding RGD peptides [44] . In this culture model, matrix rigidity had significant effects on MSC phenotype, with osteogenic commitment occurring primarily at intermediate elasticity (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and adipogenic lineage predominating in softer (2.5-5.0 kPa) microenvironments. While the effects of matrix stiffness were generally in agreement with earlier studies using 2D cultures [8] , cell fate in 3D was not correlated with morphology in contrast to previous 2D work [12] (see the following section). Instead, in 3D cultures matrix stiffness regulated integrin binding as well as reorganization of adhesion ligands on the nanoscale, both of which were traction dependent and correlated with osteogenic commitment of MSC populations [8] .
Importantly, matrix stiffness not only regulates lineage specifications, but also acts as a potent regulator of self-renewal in adult stem cells. For example, Gilbert et al. showed that, unlike muscle stem cells cultured on rigid plastic dishes (~10 6 kPa), which lose 'stemness', leading to progenitors with greatly diminished regenerative potential, muscle stem cells cultured on soft substrates mimicking the elasticity of muscle (12 kPa) self-renewed and contributed extensively to muscle regeneration when subsequently transplanted into mice [45] . This study again demonstrates that matrix stiffness controls various stem cell fate decisions.
Cell shape regulates commitment of MSCs
Based on previous evidence that cell shape was critical for the regulation of cellular processes such as proliferation, survival and differentiation [10, 46, 47] , McBeath et al. investigated whether changes in cell shape could regulate the commitment of hMSCs to different lineages [12] . By using a micropatterning technique to control cell shape and degree of cell spreading, they demonstrated that hMSCs, when allowed to adhere, flatten and spread, and undergo osteogenesis. By contrast, unspread, round cells became adipocytes. An earlier study suggested that the cell shape could affect the Rho family of GTPases [48] , prompting McBeath et al. to assess whether RhoA was involved in lineage specification. They found that the shape-dependent control of lineage commitment of hMSCs was mediated by RhoA activity. Expressing dominant-negative RhoA induced hMSCs to become adipocytes, while constitutively active RhoA caused osteogenesis. This RhoA-controlled commitment signal required actin-myosin-generated tension and completely bypassed the need for soluble differentiation factors. This study demonstrates that cell shape, cytoskeletal mechanics and RhoA signaling are integral to the commitment of stem cell fate.
Topographic changes influence MSC fate
The ECM networks are comprised of a complex mixture of pores, ridges and fibers with sizes in the nanometer range. Physical topography is known to influence cell behavior [49, 50] . The development of electron beam lithography (EBL) for the fabrication of ultraprecise nano topographies has greatly facilitated the examination of cellnanoenvironment interactions. By using a defined EBL, Dalby et al. determined how MSCs responded to nanoscale topographic features [51] . Because nanoscale order in vivo does not typically exhibit the level of organization allowed by EBL, they also used EBL to create not only highly ordered symmetries, but also surfaces with different levels of nano disorder and random surfaces (FIGURE 2). The substratum was embossed with 120-nm-diameter, 100-nmdeep nanopits from an original pattern, and five different patterns were used, all with either absolute or average center-center spacing of 300 nm: square array (SQ); disordered square array with dots displaced randomly by up to 50 nm on both axes from their position in a true square (DSQ50); disordered square array with dots displaced randomly by up to 20 nm on both axes from their position in a true square (DSQ20); and pits placed randomly over a 150 μm by 150 μm field, repeated to fill a 1 cm 2 area (RAND) (FIGURE 2). After 21 days in culture, MSCs on DSQ50 showed discrete areas of intense cell aggregation and exhibited bone-specific ECM proteins osteopontin and osteocalcin-positive regions, as well as early nodule formation (FIGURE 2D & I). An extended culture time allowed positive identification of mineralization within the discrete nodules only observed in MSCs cultured on the DSQ50 topography (FIGURE 2). The use of nanoscale disorder led to similar efficiency of differentiation to that of cells cultured with osteogenic media. But the differentiated cells had a distinct differentiation profile compared with those treated with osteogenic media, suggesting a distinct mechanism for the induction of differentiation.
Mechanical forces control MSC gene expression
To investigate the effects of mechanical forces or strains on MSC differentiation Kurpinski et al. used a micropattened strip to align the MSCs along the direction of the uniaxial strain [52] . They demonstrated that expression of calponin 1, a marker for smooth muscle cells, was increased, whereas cartilage matrix marker expression was decreased. However, when cells were aligned perpendicularly to the direction of the strain, the changes in gene expression were diminished [52] . These results suggest that mechanical strain has profound effects on gene expression and probably the fate of MSCs. In a more recent study, the same group found that TGF-β1 and cyclic mechanical strain, when applied simultaneously, led to a synergistic upregulation of calponin 1 gene expression, indicating that soluble factors and mechanical strain can collaborate to control gene expression in MSCs [53] .
Regulation of ESC fate by mechanical & physical factors
Embryonic stem cells can give rise to derivatives of all three embryonic germ layers and therefore have been hailed as a possible means for treating a variety of diseases. Recent studies demonstrated that induced pluripotent stem (iPS) cells can be derived from somatic cells by the use of defined factors [51, [54] [55] [56] [57] . In comparison with ESCs, iPS cells have the potential advantages to generate genetically diverse and patient-specific differentiated cell populations. To fully realize the potential of ESCs and iPS cells, the conditions and factors that support their long-term self-renewal and efficiently direct cell differentiation must be better defined. As described later, physical and mechanical factors have emerged as key determinants of the cell-fate decisions of ESCs. An improved understanding of these factors and their interplay with biochemical signaling might enable us to better control the fate of ESCs and iPS cells, and therefore facilitate their applications for cell-based therapy and drug discovery.
Mechanical forces control ESC differentiation
Accumulating experimental evidence suggests that mechanical contractile forces have a role in development [58] . However, inability to access animal embryonic cells during early development makes it difficult to determine how important mechanical forces are during early development of animals and how sensitive embryonic cells are to force. Cultured ESCs offer an excellent model for studying biological responses to force by the cells in the inner cell mass. We recently demonstrated that adherent mESCs were softer and much more sensitive to a local cyclic stress than their differentiated counterparts [59] . A local cyclic stress applied through focal adhesions induced spreading in mESCs but not in mESCderived differentiated cells, which were ten-times stiffer. Cell spreading was accompanied by differentiation of ESCs, as evidenced by downregulation of oct3/4 (pou5f1) gene expression. Traction quantification and pharmacological or shRNA intervention revealed that myosin II contractility, F-actin, Src or cdc42 are essential in the spreading response. These findings demonstrate that cell softness dictates cellular sensitivity to force, suggesting that a local, small, cyclic stress plays a critical role in inducing strong biological responses in soft mESCs that originate from the inner cell mass and in shaping embryogenesis during development. Interestingly, mESCs, when plated as single cells, generated low basal tractions on soft substrates and increased their basal tractions as substrate stiffness increases. However, stiffness at the apical surface of a single mESC did not vary with basal substrate stiffness [60] . By contrast, when mESCs were cultured as aggregates, both apical stiffness and basal tractions of mESC colonies increased with substrate stiffness. This may be attributed to the mechanosensing capacities of E-cadherins at lateral adherens junctions, which could promote mechanical coupling between the apical and the basal cytoskeletal networks in aggregated cells [61] . Future studies are needed to understand the specific mechanisms of stress-induced inhibition of oct3/4 expression in mESCs, to determine whether these findings can be extended to hESCs and iPS cells. [62] . Interestingly, fluid shear stress caused the same cells (i.e., Flk-1-positive mESCs) to show vascular endothelial cell activities [63] .
Mechanical forces can also direct differentiation of mESC-derived cells. Owing to fluid shear stress, the frictional force generated by viscous flow acting along cells lining blood vessels exerted profound effects on the structure and function of vascular endothelial cells [64] . Adamo et al. assessed its ability to induce hematopoietic commitment [65] . mESCs were induced to form embryoid bodies, in which cells first committed to mesoderm and then produced cells containing the earliest embryonic hematopoietic precursors. The embryoid body-derived cells were further exposed to fluid shear stress, which caused a strong upregulation of Runx1, a master regulator of hematopoietic, and Myb, the prototypical markers of hemogenic sites and concomitantly augmented the hematopoietic colony-forming potential. Consistent with ESC-derived hemato poiesis, shear stress was also found to increase hematopoietic colony-forming potential and expression of hematopoietic markers in the para-aortic splanchnopleura/aorta-gonads-mesonephros of mouse embryos. Abrogation of nitric oxide, a mediator of shear-stress-induced signaling, disrupted hematopoietic potential both in vitro and in vivo.
Effects of matrix stiffness on ESCs
Substrate stiffness was found to also profoundly influence differentiation of ESCs. Evans et al. induced spontaneous differentiation in mESCs by removing LIF, a soluble factor essential for maintaining cells at the undifferentiated stage of mESCs and then assessed the effects of substrate stiffness on lineage specification [66] . They found that while attachment of cells was not affected by the stiffness, cell spreading and cell growth were both increased as a function of substrate stiffness. Similarly, several genes expressed in the primitive streak during gastrulation and implicated in early mesendoderm differentiation, such as Brachyury, Mixl1 and Eomes, were upregulated in cell cultures on stiffer compared with softer substrates. In addition, they also induced mESCs to undergo terminal osteogenic differentiation in the presence of osteogenic supplements and found that differentiation of ESCs was enhanced on stiff substrates compared with soft substrates. These results demonstrated that the mechanical environment can play a role in both early and terminal ESC differentiation. Notably, a high range of substrate stiffness was used in this study (41-2700 kPa) . In a more recent study, Chowdhury et al. assessed the effects of lower-stiffness substrates and demonstrated a sharp contrast to the mESCs seeded on the conventional rigid substrates [61] . mESCs cultured on the soft substrates that matched the intrinsic stiffness of the mESCs (~1 kPa) and in the absence of exogenous LIF for 5 days, still generated homogeneous undifferentiated colonies, maintained high levels of pluripotency markers including OCT-4, NANOG and alkaline phosphatase activities, and could be differentiated into cells of all three embryonic germ layers. The soft substrate condition allows mESCs to undergo long-term self-renewal for at least 15 passages in the absence of LIF, suggesting that it can be applied to long-term cultivation of mESCs and potentially to other pluripotent stem cells.
Effects of colony sizes on ESC fate
Human ESCs, like other pluripotent stem cells, proliferate as tight colonies wherein individual cells are strongly adhered to one another. To ask whether colony size and cellular composition played a role in regulating hESC fate and signaling, Peerani et al. used microcontact printing to pattern hESC colonies onto defined adhesive islands with controlled colony diameter and pitch (the distance between colonies) [67] . In these experiments, exogenous cytokines that supported undifferentiated growth of hESCs (e.g., basic FGF and TGF-b) were withdrawn from the culture medium, and the differentiation of hESCs was followed over a 48 h period. This short time window was chosen to track initial changes in colony composition instead of long-term indirect effects. They found that larger colonies with high local cell density promote maintenance of the undifferentiated phenotype in hESCs. This was attributed to increased activity of BMP antagonists such as GDF3, which suppressed BMP signaling and Smad1 activation. Activation of BMP signaling triggers hESC differentiation [25] [26] [27] . By contrast, small colonies were found to differentiate into extraembryonic endoderm, which antagonized self-renewal by local secretion of BMP2. These results demonstrated that colony sizes and cellular densities are important physical factors that control critical signaling pathways for hESC fate.
In a more recent study, the same group tested whether combining the control of colony sizes and the treatment of soluble factors would induce directed hESC differentiation. It has been well documented that BMPs and Activin/Nodal are able to induce primitive streak-like differentiation of ESCs [25] [26] [27] [28] 68, 69] , but produced a mixture of mesoderm and endoderm cells. They therefore asked whether controlling colony size might also be able to selectively guide these primitive streak-like cells to either mesoderm or definitive endoderm lineages. In the presence of activin A and BMP2, they found that smaller colonies directed hESC differentiation toward definitive endoderm, while larger colonies led to mesoderm differentiation. The functional relevance of controlling colony size and early mesoderm and endoderm differentiation was confirmed through hematopoietic and primitive gut differentiation assays. These results demonstrate the possibility of controlling colony sizes in the presence of inductive factors to guide directed hESC differentiation to either endoderm or mesoderm, together with differentiation-inducing soluble factors.
Putative mechanisms of mechanotransduction
Taken together, a body of observations and experiments demonstrated unequivocally that mechanical factors play significant roles in controlling the fate decisions of pluripotent stem cells, including ESCs and MSCs. However, how individual cells sense these mechanical signals and transduce them into changes in intra cellular biochemical signals and gene expression remains largely unclear. Based on the knowledge learned from other model systems, we propose the following putative mechanisms of mechanotransduction in stem cells. The versatile role of NMMII in mechanical regulation of cell fate is also discussed.
Mechanical regulation of integrin activity & signaling
Accumulating evidence points to the deformation of integrins, focal adhesion proteins and possibly other structural proteins as a key molecular mechanism of strain sensing. Friedland et al. reported that α5β1-integrin could switch between relaxed and tensioned states in response to myosin II-generated cytoskeletal force [70] . In this scenario, force might combine with cell-substrate adhesion to generate tension that activates the integrin molecule mechanically. Using the neutrophil migration model, we also showed that myosin IIdependent cellular contraction was necessary for α5β1-integrin activation in neutrophils during chemotaxis [71] . Furthermore, application of physiologically relevant forces causes stretching of single talin rods that expose cryptic binding sites for vinculin in vitro [72] . In a more recent study, Grashoff et al. used a vinculin tension biosensor and demonstrated that in living cells, both vinculin recruitment to and force transmission across focal adhesions are necessary for the stabilization of focal adhesions under force [73] .
Therefore, it is likely that differences in matrix properties could cause changes in strains at the cell-matrix sites, leading to differential regulation of the conformational and/or unfolding state of the proteins at adhesions and at other distant sites (e.g., inside the nucleus). Thus, mechanical regulation of inte grin activity and signaling may prove to be a key mechanism that governs fate decisions in stem cells. In experiments with in situ labeling of sterically shielded cysteines, followed by fluorescence imaging, quantitative mass spectrometry, and sequential two-dye labeling, forced unfolding of proteins such as NMMIIA and vimentin was detected in the 'tensed' state of adherent MSCs [74] . This approach may prove useful in mapping out force-induced conformational changes of proteins in various adhesion states.
Mechanical action at a distance
It has become increasingly clear that mechanical action occurs at a distance in living cells (see reviews in [15, 40] ). This is made possible by the propagation of forces and energy through transmembrane integrins and cadherins, associated focal adhesions and junctional complexes, and cytoskeletal networks that connect to the nucleus, the internal nuclear scaffolds and linked chromatin. The fidelity and speed of this intracellular mechanical signaling response can be modulated by altering cytoskeletal prestress, which controls the stiffness of tensed cytoskeletal filaments, such as actin-based stress fibers and intermediate filaments, which span long distances in the cytoplasm. Forces that act on the nucleus might promote changes in the shape, folding or kinetics of specific load-bearing molecules or might modify higher-order chromatin organization, and thereby alter nuclear protein selfassembly, gene transcription, DNA replication or RNA processing -all of which are crucial for cell behavior [15] . This unique form of mechanical signaling provides a more rapid and efficient way to convey information over long distances in living cells than diffusion-based biochemical signaling. It also helps to explain how mechanical forces simultaneously alter the activities of multiple molecules at various sites in the cytoplasm and nucleus, a response that is crucial for control of cellular behavior, tissue development and stem cell fate.
TGF-β release mediated by mechanical force
TGF-β is a growth factor essential for fate choices in both ESCs and MSCs (see previously). It is expressed as an inactive precursor complexed with latency associate peptide (LAP). Dissociation of LAP from TGF-β is essential for its bind to the receptor. The LAP and TGF-β complex further associates with the large fibrillar latent TGF-β-binding proteins to form a large latent complex. TGF-β can be released via a variety of mechanisms that vary depending on the cell types and physiological context. One mechanism for TGF-β release involves proteases, which cleave LAP or certain types of integrins [75] .
Recent studies began to reveal evidence for tension-mediated TGF-β1 release. Wipff et al. reported that both external stretching of myofibroblast cultures and increasing myofibroblast intracellular tension directly activated latent TGF-β1 from the ECM [76] . The activation/ release requires α-SMA-positive stress fibers and integrin binding to LAP in the large latent complex, but was independent of proteolysis. Stress-induced TGF-β1 activation occurs on stiffer culture substrates with stiffness similar to that of fibroblast-populated early wound granulation tissue, but does not occur on more compliant substrates. In a later study, Ahamed et al. demonstrated that TGF-β1 released from platelets or fibroblasts underwent dramatic activation when subjected to stirring or shear forces [77] . Activation required the presence of latent TGF-β-binding proteins, as TGF-β1 contained in complex with only LAP could not be activated by the same mechanical perturbations. These interesting studies point to a novel mechanism by which growth factor activity can be regulated by local mechanics. Whether tension-induced TGF-β release plays a role in ESCs and MSCs will be an interesting topic for future experimentation.
Versatile roles of myosin II in the regulation of stem cell fate
Non-muscle myosin II is an actin-binding protein that regulates the contractile functions in cells. Of the three different NMMII isoforms identified, two (NMMIIA and NMMIIB) are found almost ubiquitously in higher organisms. Deletion of NMMIIA or NMMIIB in mice leads to embryonic lethality [78, 79] . NMMIIA knockout leads to lethality in periimplantation stage embryos, whereas NMMIIB null mice die late in gestation. Therefore, NMMIIs are essential for early development.
The essential role of NMMII in mechanical regulation in stem cell fate choices has been documented. As depicted earlier in this review, matrix elasticity and cell shape-directed lineage specification of MSCs critically depends on NMMII [8, 12] , although the detailed molecular mechanisms have not been provided. hESCs, when plated as single cells, exhibited poor viability and cloning efficiency. NMMII-dependent contractility is responsible for the reduced survival: transient inhibition of NMMII or other components of the Rho-ROCK-NMMII cascade prior to/during cell plating markedly improved the viability of dissociated hESCs [80] [81] [82] [83] [84] , probably by increasing cell spreading and adhesion to the ECM substrates. Interestingly, although hyper-activation of NMMII reduces survival of dissociated hESCs during initial plating, its activity is essential for long-term self-renewal of hESCs: long-term inhibition of NMMII or depletion of NMMIIA impaired the stability of the OCT-4/SOX2/NANOG transcriptional circuitry, prevented colony formation and reduced long-term cell survival (FIGURE 3) [82] . E-cadherin serves as a major target of NMMIIA in hESCs, as described in some other cell types [78, 85] . Inhibition or knockdown of NMMIIA disrupted E-cadherin-mediated adhesion and mechanical activity and reduced the levels of E-cadherin protein [82] . Furthermore, ectopic expression of E-cadherin nearly completely rescued the defects of NMMIIA inhibition and depletion [82] . Taken together, these results suggest that NMMIIA-based contractility does not serve simply as a read-out of intracellular signals but, instead, plays an active role in generating or transmitting signals that affect the fate of stem cells.
Future perspective
Many questions remain to be explored. First, and probably most important, experiments must be designed to dissect the detailed molecular mechanisms whereby mechanical signals are transduced to govern self-renewal and directed differentiation in the stem cells.
Other questions abound. Can mechanical factors (alone, or in combination) be optimized to induce highly efficient lineage specification of ESCs and MSCs? Similarly, can highefficiency directed differentiation be accomplished by manipulating mechanical and biochemical signals together? What are the contributions of mechanical factors to late-stage differentiation (e.g., from ESC-derived neural stem cells to mature neurons)? What are the influences of mechanical stimuli on cellular behaviors in the 3D environment, compared with 2D? Do other stem cells, most notably iPS cells, respond similarly to self-renewal or differentiation promoting mechanical signals? New insights into these puzzles should prove valuable in understanding mechanical regulation of stem cell fate and would also facilitate the use of these cells for developmental studies, cell-based therapy and drug discovery.
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